The structure design of an autonomous/remote underwater vehicle, Intelligence Ocean I(IO-I), capable of operating in ROV or AUV mode and acquiring marine environment information and its own status data are outlined first in this paper. The dynamics equations of underwater vehicles in horizontal and vertical are given to describe the movement of an underwater vehicle, taking the gravity, buoyancy, thrust and hydrodynamic force into account. Furthermore, in order to realize high precision automatic control of robot, the fuzzy control algorithm which belongs to the intelligent control is combined with the cascade PID control algorithm to realize an modified underwater vehicle control algorithm, which improves the applicability of the control algorithm and reduces the difficulty and workload of parameter adjustment. The proposed control algorithm is recognized in numerical simulations as well as in experimental tests which confirm the good performance of the controller and the prototype.
I. INTRODUCTION
The unmanned underwater vehicle (UUV) has become an important tool for the development and utilization of the ocean because of its flexibility and long working time in the sea. Today, there are basically two kinds of unmanned underwater vehicles(UUV) including the autonomous underwater vehicle (AUV) and remotely operated vehicle(ROV). A great variety of underwater vehicle prototypes and applications can be found in the literature along with many innovative approaches for raise the performance of UUVs are proposed [1] - [3] . Autonomous & remotely operated vehicle (ARV) is a hybrid ROV/AUV, which can be operated as a ROV with the ability of dynamic positioning or cruise at a wide range of several kilometers according to the preprogrammed commands [4] , [5] . It usually has the same shape as the traditional ROV or AUV [6] , [7] .
The sea is an environment in which manipulating an ROV autonomously faces mang difficulties. The control strategy is the method used to operate an vehicle, stabilize it for performing a task, even in the presence of interferences and uncertainties in the ocean. In the literature, several works
The associate editor coordinating the review of this manuscript and approving it for publication was Chao-Yang Chen . present different control techniques to stabilize an uuv in both position and moving. For decades, Propotional-Integral-Derivative (PID) controllers have been successfully used in industry and academia for many kinds of plants [8] . An adaptive PID controller is developed to accomplish the path following mission of an AUV. The PID parameters are adapted online by the recursive extended least square algorithm [9] . Such self-tuning mechanism will avoid time consuming manual tuning of the PID controller and promises better results by providing PID controller settings as the system dynamics or operating points change [10] . Other proposals include the use of fuzzy logic control techniques for controller design. Fuzzy logic control has been employed widely to the application of control in underwater vehicles fields due to its simple control structure, easy and cost-effective design [11] - [13] .
The goal of this paper is the structure design of a low cost underwater vehicle robot that is named ''Intelligence Ocean I''. The analysis of the vehicle movement taking into account its the gravity, buoyancy, thrust and hydrodynamic force borne by the vehicle is presented. Furthermore a control algorithm is proposed based on the theory of PID controll and fuzzy control techniques which stabilizes the vehicle even in the presence of unknown external disturbances. 
II. STRUCTURE DESIGN
IO-I adopts the shape design methods of streamlined bodies of revolution, which is easy to process, low cost, a mature shell structure used in autonomous underwater vehicle, and can reduce fluid resistance and shell material. IO-I is an open-frame ARV with dimensions of 1.23m × 0.24m × 0.24m(length, width and height), weight 12kg, and a maximum underwater depth rating at 50m. The specifications of the vehicle are illustrated in Table 1 , and the appearance of the submarine is shown in the figure 1.
The layout of the enclosure is shown in the Fig2,3.The camera is arranged in the middle of the bow and hung on the beam of the bow with the hold hoop.
In order to ensure sufficient lighting intensity during shooting, two LED lights are symmetrically arranged on both sides of the camera which located in the bow. A lifting ring is arranged at the top of the center of the submarine, and an electronic cabin is arranged on both sides of the lifting ring. Four magnetic coupling thrusters drived by 150V DC brushless direct current motor are selected. In order to increase the maneuverability of the horizontal plane, two main ducted propellers are symmetrically arranged on the horizontal stabilizing wings on both sides, and their axes are horizontally forward. Through the control of two main propulsors, the efficiency of the propulsor is improved, and the movement of the submersible in the horizontal plane is realized flexibly, including forward, backward and rotation in the horizontal plane. As vertical thrusters, two vertical groove thruster are respectively arranged in the fore and aft along the longitudinal section, and the symmetrical center of the axis passes through the center of gravity of the vehicle. Through the control of two vertical thrusters, the motion of the vehicle in the depth direction can be realized flexibly, including up floating, down diving and pitching motion.
Two main propellers are fixed on the horizontal stabilizing wing by holding hoops, and the vertical channel propellers are fixed in the channel by three legs. The specific location of the propeller is shown in Table 2 .
III. DYNAMICS MODELING A. COORDINATE SYSTEM DEFINITION
In order to realize the underwater motion control of the submarine, it is necessary to establish an appropriate coordinate system to describe its motion. According to the recommendation by the (International Towing Tank Conference(ITTC) and Society of Naval Architects and Marine Engineers(SNAME), two coordinate systems that follow the right-hand spiral rule are adopted. The earth-fixed coordinate, E − ξ ηζ , is used as the inertial coordinate system. Origin E is taken from the sea surface or any point in the sea. It is stipulated that the positive direction of Eζ axis points to the geocenter, Eξ axis points to the geographical North and Eη axis points to the geographical east. The vehiclefixed coordinate, O − xyz, is fixed on the underwater robot itself and moves with the motion of the underwater robot. The origin O is generally selected to coincide with the center of gravity. The coordinate axis Ox points to the bow along the longitudinal axis of the underwater robot, the Oz axis is perpendicular to the Ox axis and points downward, and the Oy axis is perpendicular to the Ox axis as well as Oz axis.
Attitude transformation matrix from earth-fixed coordinate to vehicle-fixed coordinate is set to C E O .
where, T 11 = cos θ cos ψ,T 12 = − cos γ sin ψ + sin γ sin θ cos ψ,T 13 = sin γ sin ψ + cos γ sin θ cos ψ,T 21 = cos θ sin ψ,T 22 = cos γ cos ψ + sin γ sin θ sin ψ,T 23 = − sin γ cos ψ + cos γ sin θ sin ψ,T 31 = − sin θ,T 32 = sin γ cos θ,T 33 = cos γ cos θ.
The attitude matrix C O E from earth-fixed coordinate to vehicle-fixed coordinate can be obtained by transposing C E O . The motion of the underwater robot is a composite motion in three-dimensional space, including the straight-line motion along three coordinate axes and the rotation motion around three coordinate axes, which is commonly referred to as six degree of freedom motion, as shown in the following table 4.
B. FORCE ANALYSIS 1) DEFINITION OF MOTION PARAMETERS
Firstly, γ is used to represent the angle of roll, θ is used to represent the angle of pitch, and ψ is used to represent the angle of yaw.
The forces that the underwater robot receives in the process of motion include: gravity, buoyancy, thruster thrust, hydrodynamic force caused by motion and interference force caused by environmental disturbance. Gravity and buoyancy will not change with the motion of the underwater robot, so it is called static force. The rest of the force is related to the motion state of the underwater robot, so it is called the power. The whole state of static and dynamic together determines the motion state of the underwater robot.
The components of V , velocity of vehicle-fixed coordinate relative to earth-fixed coordinate, in the three coordinate axes of the vehicle-fixed coordinate are longitudinal velocity u, transverse velocity v and vertical velocity w. The components of the angular velocity of the underwater robot around the origin on the three coordinate axes are roll angular velocity p, pitch angular velocity q and bow angular velocity r. The three components of the external force F acting on the underwater robot in the vehicle-fixed coordinate are longitudinal force X , transverse force Y and vertical force Z . The three components of the moment M of the external force F to the origin in the vehicle-fixed coordinate are roll moment K , pitch moment M and bow moment N , as shown in table 4.
2) STATIC
The gravity G is equal to the total weight of the underwater robot, the sum of the weights of each part, acting on the center of gravity x g , y g , z g , with the direction vertically downward (in the earth-fixed coordinate).
where G i is the weight of each part of the underwater robot. The buoyancy B is equal to the displacement of the underwater robot, equal to the sum of the buoyancy of each part, acting on the buoyant center, and the direction is vertical upward (in the earth-fixed coordinate).
where B i is the buoyancy of each part of the underwater robot.
In the geodetic coordinate system, the gravity and buoyancy directions are both vertical, so the static component in the geodetic coordinate system is {0, 0, G − B}. Through the transformation matrix C O E , we can get the components of static force on three coordinate axes in the vehicle-fixed coordinate, as shown in the equation (4) .
So, the static moment is:
R G i and R B j are the radius vector of the action point of gravity and buoyancy to the origin of coordinate system.
3) THRUST
The calculation formula of thrust and thrust moment is as follows:
where T 1 and T 2 are the thrust of main thrusters, T 3 and T 4 are the thrust of fore and aft channel thrusters respectively, and α are the distance from the two main thrusters to the mid longitudinal section(xOz).
4) HYDRODYNAMIC FORCES
In the process of underwater robot moving in the water, the hull, thruster, stabilizing wing, etc. will have a strong effect on the surrounding water flow, and at the same time, the water flow will also have a reaction force on the robot, which is called hydrodynamic force. The magnitude and direction of the hydrodynamic force of the underwater vehicle are related to the scale, shape, motion state (velocity, angular velocity, acceleration, angular acceleration and other motion parameters) of the vehicle and the properties of the flow field. Hydrodynamic force can be expressed as a function of velocity, angular velocity, acceleration and angular acceleration. The calculation of hydrodynamic force is very complex and involves a large number of hydrodynamic coefficients. Due to the limitation of test conditions and funds, the hydrodynamic coefficients can not be obtained through the test, only some important coefficients can be estimated according to the actual situation.
Firstly, hydrodynamic force deal with dimensionless method.
Velocity: Three direction force is:
Added mass is:
The above dimensionless expression is used to describe the hydrodynamic parameters of the submarine.
where
The general equation of the six degree of freedom motion of the underwater robot is as follows:
where, k 1 =u−vr +wq, k 2 =v−wp+urk 3 =ẇ−uq+vp.
It can be seen from the above formula that the motion of any degree of freedom of the underwater robot is related to the motion of the other five degrees of freedom, that is to say, there is a cross coupling effect between the six degrees of freedom, and the motion law is very complex. In order to simplify the problem, the assumption is made here: if the underwater robot only changes its course, but does not change its depth, its center of gravity will only move in the horizontal plane; similarly, if only the depth is changed, but does not change its course, its center of gravity will only move in the vertical plane. On the basis of this assumption, the motion of the underwater vehicle can be decomposed into horizontal and vertical motions, and the coupling effect between the two motions can be ignored.
According to the work requirements, IO-I mainly uses its four thrusters (two longitudinal duct thrusters and two vertical channel thrusters) for heave, longitudinal movement, bow turning and longitudinal movement. Considering the actual situation of IO-I, the 4-DOF equation can be used to describe the dynamic model of IO-I. If the motion parameters of IO-I and the external forces and moments acting on IO-I are known at the current time, the motion state of IO-I at the next time can be deduced, so that the motion simulation system of IO-I can be established.
2) 4-DOF KINEMATIC EQUATIONS
The static force and static moment, thrust and thrust distance, hydrodynamic force and hydrodynamic distance are discussed in the space motion equations. And it is considered that the lateral and tilt motion of the underwater robot has been constrained by external forces (moments). The external force (moment) can ensure the balance of the traverse and the heeling, and meet v =v = p =ṗ = φ =φ = 0. Therefore, the equations corresponding to the two degrees of freedom of traverse and heel can be omitted in the simplification process, and the remaining four degrees of freedom equations can be retained, as shown in equation 9:
On the basis of the above equations, it is assumed that the center of gravity g of the underwater vehicle coincides with the origin o of the body coordinate system, and the influence of the micro optical cable and the water flow is ignored. The following equations are obtained.
3
) HORIZONTAL KINEMATICS EQUATION
The dynamic equation of four degrees of freedom of the underwater robot has been established. In order to simplify the control model, the equations can be divided into horizontal and vertical dynamic equations, and the coupling effect between horizontal and vertical surfaces can be ignored. When the horizontal motion is discussed, it is considered that w = q = 0, then the horizontal dynamic equation is:
4) VERTICAL KINEMATICS EQUATION
As the same as the water plane equation, the coupling between the vertical plane and the horizontal plane is not considered. When studying the motion of the vertical plane, it is considered that v = p = r = 0, then the dynamic equation of the vertical plane is:
When the pitching angle is not considered, the pitching angle will not change in the vertical motion. The above equations can simplify the equation in depth direction:
where, Z is the displacement in the depth direction and T z is the vertical thrust.
IV. MOTION CONTROLLER
PID algorithm is one of the most widely used control algorithms at present. It forms control deviation according to the set value and feedback value. The proportion, integral and differential of deviation form control quantity through linear combination to control the controlled object. Angleangular velocity cascade PID is to add an angle velocity loop PID controller on the basis of angle PID, that is, the outer loop is angle PID and the inner loop is angle velocity loop PID. The outer loop PID input is the angle set value and the measured value, and the output is the expected value of the angle speed; the inner loop PID input is the expected value and the measured value of the angle speed, and the output is the control quantity of this dimension. Angle angular velocity cascade PID has feedback mechanism for both angle and angular velocity, which has better stability and response speed. But the submarine is a non-linear system, and it is difficult to build an accurate model for it, the above control algorithm can not meet the requirements.
Fuzzy control is a kind of nonlinear control method which simulates human's fuzzy reasoning and decision-making process. It does not depend on accurate mathematical model, and is easy to realize the effective control of uncertain system and strong nonlinear system. In this paper, according to the deviation e of the set expected value and the measured value and the change rate de of the deviation, the fuzzy controller outputs the proportional, integral and differential coefficients of the PID controller, and then carries out the cascade PID control, as shown in Figure 5 .
In PID control, the integral term is mainly used to eliminate the steady-state error. If the value of integral coefficient K i is too large, the phenomenon of integral saturation will occur easily, leading to overshoot. If the integral coefficient is too small, it can not play the effect of integral term very well. So the selection of integral coefficient is related to the value of error e. The fuzzy controller only selects the integral coefficient according to the error e. The selection rule is that when the absolute value of error e is greater than a set threshold value, the integral coefficient K i is set VOLUME 8, 2020 to zero, that is, the integral effect is cancelled. At this time, the primary task of the controller is to eliminate the control deviation and make the controlled quantity reach the set value as soon as possible, so only PD control is used at this time. When the absolute value of error e is less than the set threshold EI , in order to eliminate the steady-state error, the integral coefficient adopts a fixed value K i . The error threshold EI for selecting the integral coefficient K i and the integral coefficient KI with a fixed value need to be selected according to the actual experience of the relevant engineering debugging personnel, and should be verified and corrected through experiments. According to the error e and the rate of change of error ec, the fuzzy controller is used to synthetically select the values of proportional coefficient K p and differential coefficient K d . The proportional control in PID control plays an important role in determining the response speed. However, if the proportional coefficient is too large, it will lead to system instability and vibration. The larger the error e, the larger the proportional coefficient K p , which is output by the fuzzy controller, in order to eliminate the error quickly. The smaller the error e, the smaller the scale factor K p , in order to improve the stability of the system and prevent the controller from oscillation. Table 5 shows the selection rules of the proportion coefficient K p of the fuzzy controller. NB, NM , NS, ZO, PS, PM , PB respectively represent negative large, negative medium, negative small, zero, positive small, positive medium and positive large of the variables(such as, e, ec, K p ,K i ,K d ). Their corresponding specific values and the formulation of tables depend on the actual debugging experience and need constant modification and verification through experiments.
In PID control, the differential term is mainly used to reduce the overshoot of the system, reduce the vibration and improve the stability of the system. It has a leading control effect on the system. When the error e of the fuzzy controller is greater than the threshold EI , the output integral coefficient is zero. When the error e is less than the threshold value, a fixed integral coefficient is used. The difference from the output differential coefficient rule is that when the error e is greater than the set threshold ED, the differential coefficient is set to zero, that is, the differential action is cancelled. At this time, the controller only has the proportional control function to eliminate the error as soon as possible. When the error e is less than ED, the differential coefficient k d is output according to e and ec. See Table 6 for the rules of selecting differential coefficient of fuzzy controller.
V. EXPERIMENT A. NUMERICAL SIMULATION
According to the equations of the dynamic model of the IO-I, a matlab simulation model is established to describe the position and direction of the vehicle relative to the inertial system. The effectiveness of the proposed controller is verified by numerical simulation. The simulation show that IO-I follows Figure 6 .
B. REAL TIME TESTS
The attitude information of IO-I is obtained by nine axis sensor, and the depth information is obtained by pressure sensor. As MCU, stm32f429 processes the attitude information and controls the motion of the submarine. The whole control system is as shown in the figure 7.
The submarine is put into the Yanhu lake in Shandong University of science and technology for experiment. Static test results show that, as shown in the figure 8(a) , the heading angle of the robot is basically consistent with the target value when it is sailing under static water. Due to the disturbance of water flow, the course of the robot fluctuates to a certain extent, but the overall error range is −1 • − +1 • , and the variation period is large.
Dynamic test results show that, as shown in the figure 8(b) , the yaw angle tends to be stable, and the heading error of the target is stable between −2 • and +2 • . And the course angle changes smoothly, and the convergence speed is fast, which shows that the course controller has good course control ability.
Set the underwater navigation depth of the robot to 3.5m. Turn on the automatic depth setting function, so that the robot can maintain the depth navigation under the water. Real time change of depth is shown in Figure 8(c) . The depth of the robot is kept at 3.45 − 3.55 m, and the depth error is 0.05m. The depth controller has good regulation ability.
VI. CONCLUSION
The proposed prototype and its controller is validated theoretically and experimentally. The limitation of the conducted experiment also should be pointed out. The experimental environment is limited to lakes and submergence depth of submarine is only about 4 meters. And there are more unpredictable factors in the ocean, such as waves, which are challenges to the practical application of IO-I. So, in the future, the upgraded work for IO-I involves accomplishing the vehicle with more sensors such as: sonar, magnetometer, Doppler Velocity Log(DVL) and depth sensor, with the purpose of completeing more complex underwater tasks autonomously in the ocean. Moreover, in order to quantify the performance and results of proposed control method, the comparative analysis between proposed controller and other well established control technique is arranged.
